Abstract The crystal structure of chromite FeCr 2 O 4 was investigated to 13.7 GPa and ambient temperature with single-crystal X-ray diffraction techniques. The unit-cell parameter decreases continuously from 8.3832 (5) to 8.2398 (11) Å up to 11.8 GPa. A fit to the Birch-Murnaghan equation of state (EoS) based on the P-V data gives: K 0 = 209 (13) GPa, K 0 = 4.0 (fixed), and V 0 = 588 (1) Å 3 . The FeO 4 tetrahedra and CrO 6 octahedra are compressed isotropically with pressure with their Fe-O and Cr-O bond distances decreasing from 1.996 (6) to 1.949 (7) Å and from 1.997 (3) to 1.969 (7) Å , respectively. The tetrahedral site occupied by the Fe 2? cation is more compressible than the octahedral site occupied by the Cr 3? cation. The resulting EoS parameters for the tetrahedral and the octahedral sites are K 0 = 147 (9) GPa, K 0 = 4.0 (fixed), V 0 = 4.07 (1) Å 3 and K 0 = 275 (24) GPa, K 0 = 4.0 (fixed), V 0 = 10.42 (2) Å 3 , respectively. A discontinuous volume change is observed between 11.8 and 12.6 GPa. This change indicates a phase transition from a cubic (space group Fd-3m) to a tetragonal structure (space group I4 1 /amd). At the phase transition boundary, the two Cr-O bonds parallel to the c-axis shorten from 1.969 (7) to 1.922 (17) Å and the other four Cr-O bonds parallel to the ab plane elongate from 1.969 (7) to 1.987 (9) Å . This anisotropic deformation of the octahedra leads to tetragonal compression of the unit cell along the c-axis. The angular distortion in the octahedron decreases continuously up to 13.7 GPa, whereas the distortion in the tetrahedron rises dramatically after the phase transition. At the pressure of the phase transition, the tetrahedral bond angles along the c-axis direction of the unit cell begin decreasing from 109.5°to 106.6 (7)°, which generates a ''stretched'' tetrahedral geometry. It is proposed that the Jahn-Teller effect at the tetrahedrally coordinated Fe 2? cation becomes active with compression and gives rise to the tetrahedral angular distortion, which in turn induces the cubic-to-tetragonal transition. A qualitative molecular orbital model is proposed to explain the origin and nature of the Jahn-Teller effect observed in this structure and its role in the pressure-induced phase transition.
Introduction
Chromite, with the ideal chemical composition FeCr 2 O 4 , belongs to the group of normal spinels, which are present as accessory minerals in the Earth's crust and mantle over a wide range of pressures and temperatures. Because of their importance to the physical properties, dynamics, and differentiation of the Earth's interior, the spinel group minerals have long been of central interest in studies of the deep Earth (e.g., Peltier and Solheim 1992; Shim et al. 2001; Katsura et al. 2003) . The spinel group minerals are classified into three series (Deer et al. 1966) according to the dominant trivalent ion: the spinel series (Al 3? -dominant), the magnetite series , and the chromite series (Cr 3? -rich), with significant solid solution occurring within and between the three spinel series. The spinels also exhibit rich high-pressure and high-temperature behavior. The MgAl 2 O 4 spinel decomposes at 15-16 GPa and 1,200-1,600°C to a mixture of MgO periclase and Al 2 O 3 corundum, which recombine into MgAl 2 O 4 with the CaFe 2 O 4 -type structure at 25-27 GPa and 1,400-2,000°C (Akaogi et al. 1999; Enomoto et al. 2009 ). Magnetite (Fe 3 O 4 ) transforms into a high-pressure modification (h-Fe 3 O 4 ) with the CaMn 2 O 4 -type (and CaTi 2 O 4 -type) structure at 24 GPa and 550°C, which persists up to at least 43 GPa (Fei et al. 1999; Haavik et al. 2000) . A highpressure polymorph of chromite has been discovered in the shock-metamorphosed Suizhou meteorite as the mineral xieite (Chen et al. 2003a, b ). This polymorph is described as having the orthorhombic CaTi 2 O 4 -type structure, with estimated P-T conditions for the phase transition from chromite to the CaTi 2 O 4 -type polymorph at 20-23 GPa and 1,800-2,000°C. On the other hand, no phase change has been observed up to 26.8 GPa and 355°C with a natural chromite as the starting material (Fan et al. 2008) . A preliminary experiment (Shu et al. 2007) showed that a pressure-induced phase transition in the natural chromite occurs at 29 GPa at room temperature, but these experimental data were too limited to establish the mechanism of the phase transition between chromite and the high-pressure polymorph. Moreover, the natural chromite employed in these studies (Chen et al. 2003b; Shu et al. 2007; Fan et al. 2008) includes not only Fe and Cr, but also a large amount of metal substitution, including Mg, Mn, Al, V, Na, and Ti.
Because the physical properties of the spinels are significantly controlled by their chemical compositions, the P-T conditions for the phase transition in chromite are expected to be sensitive to composition and therefore should be examined using a pure chromite with the ideal composition. Until now, however, no high-pressure experiments have been conducted on a chromite with the ideal chemical composition. In pure chromite, tetrahedral sites are fully occupied by Fe 2? cations, which exhibit the Jahn-Teller effect at low temperature Goodenough (1964) . Recently, the importance of the Jahn-Teller effect in understanding the structural phase transitions in FeCr 2 O 4 has been noted (Arima et al. 2007; Ohgushi et al. 2008; Tomiyasu et al. 2008; Bordács et al. 2009; Ohtani et al. 2010) , and a systematic change in the crystal structure with temperature and composition has been documented. Yamanaka et al. (2009) cation.
In this study, we have investigated the pressure-induced phase transition of a chromite sample with the ideal endmember composition. We report results of high-pressure single-crystal X-ray diffraction studies up to 13.7 GPa and discuss the influence of the Jahn-Teller effect at the Fe 2?
cation on structural transitions in chromite under high pressure.
Experimental procedure
Pure chromite powder was synthesized from a mixture of Fe 2 O 3 and Cr 2 O 3 , which was heated at 1,400°C for 48 h in a controlled CO/CO 2 gas flow (log f O 2 = -8.0). Single crystals were grown from the pure chromite powder using the sublimation method at 1,300°C. Crystals with welldeveloped faces, sharp edges, and euhedral form with size up to 300 lm were obtained. For X-ray powder diffraction analysis, these single crystals were ground to a fine powder with an agate mortar and pestle. X-ray powder diffraction data were collected with a Rigaku R-AXIS RAPID diffractometer using MoKa radiation (k = 0.70930 Å ). No impurities were detected in the X-ray patterns. Measured Bragg peak positions were determined using the profile fitting routine in JADE 9.0 (Materials Data Inc., Livermore, CA USA). Furthermore, a preliminary X-ray diffraction study of the crystalline material under high pressure has been performed in a diamond anvil cell (DAC) using synchrotron radiation at beamline 16-BM-D (HPCAT) at the Advanced Photon Source (APS), Argonne National Laboratory. The sample powder was loaded with several ruby spheres (a pressure marker) into a 150-lm hole drilled in a tungsten gasket and compressed in a neon pressure medium up to 17.9 GPa. The wavelength of the monochromatic incident beam was 0.42620 Å . The beam was focused using a pair of Kirkpatrick-Baez mirrors to a focal spot of approximately 5 by 15 lm 2 . A two-dimensional imaging plate detector (MAR345 image plate device) was placed approximately 460 mm from the sample. The powder X-ray diffraction patterns are shown in Fig. 1 . The powder diffraction pattern collected at 17.9 GPa was analyzed by the Rietveld method with the RIE-TAN-2000 program (Izumi and Ikeda 2000) . The result of the pattern fitting and structure refinement by Rietveld analysis is presented in Fig. 2 .
A single crystal with dimensions 100 9 100 9 80 lm was used for the single-crystal X-ray diffraction experiment. Measurements at ambient pressure and temperature conditions were taken with a Huber four-circle diffractometer using an 18-kW rotating Mo-anode X-ray generator at 50 kV and 240 mA with a scintillation point detector. The incident X-ray wavelength of 0.71069 Å was produced by a Si (111) single-crystal monochromator and 0.8-mm double-pinhole collimator. The 2h range for diffraction was from 8°to 60°. The 8-position centering method (King and Finger 1979 ) was applied to a set of observed diffraction maxima for unit-cell parameter determination. An X-ray intensity data collection was carried out in x-scan mode, with a scan speed of 1.5°/ min, scan width of 1.0°in x, and step interval of 0.025°/step. A total of 264 reflections were observed, and 58 crystallographically independent reflections with F o [ 4r(F o ), the intensity threshold for accepting a reflection as strong, were used for least-squares refinement. Intensities were corrected for Lorentz and polarization effects. An absorption correction was performed with the program ABSORB (Angel 2004) . Refinements of atomic positions and anisotropic displacement parameters were carried out using SHELXL-97 (Sheldrick 1997) . From estimated crystal field stabilization energies (CFSE), Cr shows the strongest preference for octahedral coordination among transition metal cations (Dunitz and Orgel 1960) . Although the possibility that Fe 2?
cations occupy the octahedral site in chromite has been investigated by Mössbauer and IR spectroscopy, these spectra (Lenaz et al. 2004) indicate that the octahedral site is almost exclusively occupied by Cr 3? . Therefore, the leastsquares refinement was carried out assuming a completely ordered structure, which has the tetrahedral site fully occupied by Fe 2? and the octahedral site fully occupied by Cr 3? . The structure refinement using the intensity data at ambient conditions converged to R int = 0.0551, R 1 = 0.0344, and wR 2 = 0.0642 for 58 unique reflections. Details of the data collection, structure refinements, and crystal structures are collected in Table 1 .
After data collection under ambient conditions, the crystal was mounted in epoxy and polished for high-pressure X-ray diffraction experiments that were carried out at beamline 16-BM-D at the APS. The sample was polished to 20 lm thickness, and a small crystal fragment with dimensions of about 50 9 40 9 20 lm was mounted in a symmetric diamond anvil cell with 300-lm culets using a tungsten gasket with a 120-lm-diameter hole as the sample chamber. One diamond anvil was supported by a cubic boron nitride (c-BN) backing plate, and the other anvil by a tungsten carbide (WC) backing plate. Pressures inside the DAC were measured with the ruby luminescence method (Mao et al. 1986 ). The DAC was loaded with neon as the pressure medium and mounted on a motor-driven stage with the WC seat on the downstream side, and the c-BN seat on the upstream side. The wavelength of the monochromatic incident X-ray beam was 0.41340 Å . This beam was focused to a focal spot of 5 by 15 lm 2 by using a pair of Kirkpatrick-Baez mirrors. The MAR345 image plate detector was placed approximately 317 mm from the sample. Diffraction intensities were measured using a continuous x-oscillation scan mode over the range from30°to ?30°with an exposure time of 20 s per degree of oscillation. The intensities were corrected for Lorentz and polarization effects, but absorption effects were neglected in view of the small crystal size. A total of 8 high-pressure data collections (P = 3. 8, 8.1, 9.5, 10.8, 11.8, 12.6, 13.7, and 15 .0 GPa) were carried out. At a pressure of 15.0 GPa, however, the refinement failed to converge to a satisfactory level because some diffuse spots appeared in the diffraction pattern.
The data were processed using FIT2D software (Hammersley 1998) . Reduction in the three-dimensional distribution of X-ray diffraction maxima in reciprocal space and diffraction intensities were performed using standard beamline codes (Dera 2007) . The d-spacing values for the sample were corrected by diamond diffraction, which served as an internal standard by application of the diamond equation of state (Gillet et al. 1999) . The deviations between observed and calculated d-spacing values from the diamond EoS are normally less than 0.01 Å . Unit- (15) T-O 9 4 (Å ) 1.996 (6) 1.976 (7) 1.959 (6) 1.957 (6) 1.954 (7) 1.949 (7) a This measurement was taken with a four-circle diffractometer equipped with a scintillation point detector using MoKa radiation (k = 0.71069 Å )
b Bond angle variance parameter defined by Robinson et al. (1971) ;
, where h i is the ith bond angle, h 0 is the ideal bond angle for a regular polyhedron, and n is the coordination number cell parameters were determined with a nonlinear leastsquares fitting program (Holland and Redfern 1997) . The structure was then refined using SHELXL-97 (Sheldrick 1997) . All atomic positions were refined with isotropic thermal parameters. Details of crystal structure refinements are listed in Table 1 . The structural variations determined by the single-crystal X-ray diffraction measurements are shown in Fig. 3 .
Results and discussion
Equation of state and phase transitions Figure 1 shows the high-pressure powder X-ray diffraction patterns for chromite. Some extra peaks were clearly present above 16.1 GPa, and a slight asymmetry of the (311) and (220) peaks can be observed at 13.9 GPa. These features are indicative of a phase transition in chromite. Fan et al. (2008) investigated the thermal equation of state of a natural chromium spinel up to 27 GPa and 355 K, but reported no phase transition in this pressure range. Shu et al. (2007) reported a phase transition at 29 GPa at room temperature. In the present study, the X-ray diffraction measurements are taken using a pure chromite sample with end-member composition of FeCr 2 O 4 . Therefore, the difference in the phase transition pressures can be ascribed to compositional differences between samples and the resulting chemical disordering and intracrystalline cation exchange between tetrahedral and octahedral sites. The diffraction pattern measured at 17.9 GPa was selected for Rietveld analysis of the high-pressure polymorph, because several diffraction lines are clearly different from those of cubic spinel. Figure 2 shows the result of this analysis. The diffraction features perfectly match those of a phase with tetragonal symmetry [R B = 0.0211, R F = 0.0137, S = 1.35] in space group I4 1 /amd and with unit-cell parameters a = 5.87 (7) Å , c = 7.91 (8) Å (Fig. 2) . A phase with a crystal structure corresponding to space group I4 1 /amd has been observed at low temperature as well (Tsuda et al. 2010) .
Single-crystal X-ray measurements at ambient pressure were initially taken on three different single crystals to confirm the homogeneity of the chromite sample. Differences in the a unit-cell parameter between the individual samples were below 0.002 Å , suggesting that the specimens are homogeneous and with no significant differences in crystallinity. Unit-cell parameters determined by leastsquares refinement using 15-20 reflections are reported in Table 2 . Figure 3a shows the variation in unit-cell volume of the FeCr 2 O 4 structure with pressure. The cell volume of the chromite spinel phase decreases smoothly with pressure up to 11.8 GPa. The pressure-volume data were fitted using a Birch-Murnaghan equation of state as implemented in EOSFIT 5.2 (Angel 2002 (Catti et al. 1999) . The bulk modulus for chromite is therefore similar to the theoretical prediction for the chromium spinels, but it is slightly larger than that of other spinels with tetrahedral Fe 2? . A discontinuous change in the volume of FeCr 2 O 4 is observed between 11.8 and 12.6 GPa (Fig. 3a) . Therefore, Miller indices for the cubic structure are reassigned to those corresponding to a tetragonal structure through the transformation matrix (1/2, -1/2, 0) (1/2, 1/2, 0) (0, 0, 1). The resulting unit-cell parameters are a = 5.813 (1), c = 8.214 (8) Å , and V = 275.6 (2) Å 3 , which is nearly equal to half the volume of the cubic lattice, as predicted for a transformation from a face-centered cubic structure in space group Fd-3m to a body-centered tetragonal structure in space group I4 1 /amd. To model the compressibility of the unit cell better, the volume of the tetragonal lattice is doubled in Fig. 3a . The variation in unit-cell parameters as a function of pressure is shown in Fig. 3b . The a unit-cell parameter in the tetragonal lattice is therefore multiplied by 2 1/2 in the figure. The pseudocubic a unit-cell parameter in the tetragonal lattice is now larger than the c unit-cell parameter. A similar structural phase transition from the cubic to a tetragonal phase has already been observed at low temperature (Arima et al. 2007; Ohtani et al. 2010; Tsuda et al. 2010) . With decreasing temperature, the (800) diffraction peak of the cubic phase begins to split at 140 K, indicating a cubic-to-tetragonal phase transition with c \ a ). According to Ohtani et al. (2010) , the tetragonal compression with c \ a is attributable to the anharmonic elastic energy. Compared with the pressure-induced phase transition, however, there is little change in unit-cell volume regardless of the tetragonal compression. The crystal structure changes further to orthorhombic at 70 K, the ferromagnetic transition temperature (Arima et al. 2007; Ohtani et al. 2010) . The variation in unit-cell parameters during the pressure-induced phase transition of ulvöspinel is similar to that of chromite in that c \ a in the tetragonal phase, whereas the lowtemperature phase transition in the ulvöspinel results instead in a unit cell with c [ a (Yamanaka et al. 2009 ).
Crystal structures
The normal spinel-type structure A 2? B 2 3? O 4 consists of a cubic close-packed arrangement of oxygen atoms in which one-half of the octahedral sites are occupied with trivalent B 3? cations and one-eighth of the tetrahedral sits are occupied by divalent A 2? cations. The commonly used setting with an inversion center at the origin is employed with the tetrahedral cation at (1/8,1/8,1/8) and the octahedral cation at (1/2,1/2,1/2). The oxygen positional parameter in this setting is at u,u,u (u * 0.25). A structure determination for chromite at ambient conditions resulted in a value for the oxygen positional parameter of 0.2624 (4). This value is near that for MgAl 2 O 4 spinel, which has u = 0.2633 (3) (Finger et al. 1986 ). The u parameter for an ideally closed packed anion configuration is 0.25, which suggests that the CrO 6 octahedron is distorted along the [111] axis in FeCr 2 O 4 . That is, the O-Cr-O bond angles in the octahedron are 96.1 (2)°and 83.9 (2)° (Table 1) and differ, therefore, from those in a regular octahedral geometry. It is worth noting that the Fe-O bond distance in the FeO 4 tetrahedron in chromite is 1.996 (6) Å , which is almost equal to the Cr-O bond distance 1.997 (3) Å in the CrO 6 octahedron ( Shannon (1976) ). The variation in polyhedral volumes and bond distances as a function of pressure is shown in Fig. 3c and d. In chromite, the FeO 4 tetrahedron and the CrO 6 octahedron are compressed isotropically with pressure ( Fig. 3c) with their Fe-O and Cr-O bond distances decreasing smoothly from 1.996 (6) to 1.949 (7) Å and from 1.997 (3) to 1.969 (7) Å , respectively (Fig. 3d) . With isotropic contraction of the regular tetrahedron, however, the bond angle in the CrO 6 octahedron is decreased from 96.1 (2)°to 95.7 (4)°with increasing pressure. The same behavior has been observed in spinel (Finger et al. 1986 ) and ulvöspinel (Yamanaka et al. 2009 ), which both have the normal spinel structure with deformed octahedra. The octahedra in magnetite, on the other hand, remain essentially unchanged with respect to distortion (Finger et al. 1986; Gatta et al. 2007) . A least-squares fit of the BirchMurnaghan EoS to these polyhedra in chromite yields V 0 = 4.07 (1) Å 3 , K 0 = 147 (9) GPa (fixed K 0 = 4.0) for the tetrahedron and V 0 = 10.42 (2) Å 3 , K 0 = 275 (24) GPa (fixed K 0 = 4.0) for the octahedron, indicating that the FeO 4 tetrahedron is more compressible than the CrO 6 octahedron (Fig. 3c) . Most oxide spinels have similar bulk moduli (about 200 GPa), because the observed bulk modulus indicates an average of polyhedral compressibilities between the tetrahedron and octahedron in the spinel structure (Finger et al. 1986 ). In chromite, the large tetrahedral compressibility is compensated by a low octahedral compressibility. Bulk moduli of polyhedra in ulvöspinel, which has a tetrahedral site fully occupied by Fe 2? , are V 0 = 11.21 (1) Å 3 , K 0 = 237 (10) GPa (fixed K 0 = 4.0) for the octahedron and V 0 = 4.17 (2) Å 3 , K 0 = 155 (39) GPa (fixed K 0 = 4.0) for the tetrahedron. It is noteworthy that the tetrahedron in ulvöspinel has a similar compressibility to that in chromite (Table 3) . The difference in crystal bulk moduli between chromite (K 0 = 209 (13) GPa) and ulvöspinel (K 0 = 185 (20) GPa) is due to the difference in octahedral compressibility between CrO 6 (K 0 = 275 (24) GPa) and TiO 6 (K 0 = 237 (10) GPa).
The present data show little bond length distortion in the FeO 4 tetrahedra throughout the pressure range studied. At the phase transition boundary, however, in the octahedron, the two Cr-O bonds parallel to the c-axis shorten from 1.969 (7) to 1.922 (17) Å and the other four Cr-O bonds parallel to the ab plane elongate from 1.969 (7) to 1.987 (9) Å (Fig. 3d) . This anisotropic deformation leads to the tetragonal compression along the c-axis. Bond angle variance parameters defined by Robinson et al. (1971) are also listed in Table 1 . The angular distortion is defined as the amount of deviation from the ideal bond angle for a regular polyhedron. The angular distortion of the octahedron decreases continuously up to 13.7 GPa (Fig. 3e) . On the Phys Chem Minerals (2012) 39:131-141 137 other hand, the angular distortion in tetrahedron rises dramatically after the phase transition (Fig. 3e) . This observation suggests that an activation of the Jahn-Teller effect at Fe 2? with pressure gives rise to this tetrahedral angular distortion, which is responsible for the cubic-to-tetragonal phase transition.
Very recently, 3d orbital ordering in the tetragonal FeCr 2 O 4 phase has been directly observed at low temperature by convergent-beam electron diffraction (CBED) (Tsuda et al. 2010) . Compared with the FeO 4 tetrahedra in the high-pressure phase of chromite, those in the lowtemperature phase are ''flattened'' along the c direction, with the tetrahedral bond angle along the c-axis direction increasing from the ideal value of 109.5°to 111.8° (Tsuda et al. 2010) . It has been suggested that the 3d electrons of Fe 2? , which contribute to the Jahn-Teller effect, are ordered into the dz 2 orbital along the c-axis at low temperature. In the tetragonal FeCr 2 O 4 phase at high pressure, on the other hand, the tetrahedral bond angle along the caxis direction decreases from 109.5°to 106.6 (7)°with pressure (Table 1) , which leads to a ''stretched'' tetrahedral geometry.
The change in coordination geometry with increasing pressure in chromite can be understood on the basis of qualitative molecular orbital considerations. In chromite, the tetrahedra should behave as isolated molecular units in the solid, because they do not share any vertices with each other. According to the Jahn-Teller theorem (Jahn and Teller 1937) , high-spin Fe 2? with a d 6 electronic configuration in a site of tetrahedral symmetry leads to an unstable orbitally degenerate 2 E electronic state, as shown in Fig. 4  (center) , which shows the familiar pattern of e and t 2 (metal-oxygen antibonding) orbitals appropriate for a tetrahedral unit. The Jahn-Teller theorem, however, does not allow an a priori prediction of the geometry of the distorted molecule, but only states that the molecule must distort to a lower symmetry in order to remove the degeneracy. Application of standard group theoretical techniques to the problem of tetrahedrally coordinated Fe 2? , as outlined in Burdett (1980) , shows that the only available normal vibrational mode that can distort the ideal tetrahedron and lower its symmetry is a vibration of E symmetry. This vibrational mode will lead to one of two distorted tetrahedra with point group D 2d (Fig. 4 left, ' 'flattened geometry;'' right, ''stretched'' geometry). In either case, the orbital degeneracy has been removed by the distortion.
When the molecule distorts from T d to D 2d symmetry, the t 2 orbital set splits into e (dxz, dyz) ? b 2 , (dxy) whereas the e orbital set splits into b 1 (dx 2 -y 2 ) ? a 1 (dz 2 ). As the distortion proceeds toward either the elongated or flattened tetrahedral geometry, the two separate orbital sets of the ideal tetrahedron will split in opposite fashion depending on the nature of the distortion. This qualitative picture agrees with the electron diffraction experiments reported by Tsuda et al. (2010) , who observed that at low temperature (''flattened'' tetrahedra), an increased electron density was ascribed to the dz 2 orbital, which is lower in energy and is doubly occupied as a result of the distortion. In a tetrahedral unit with a Jahn-Teller unstable ion at the coordination center, the 3d orbitals are not pointed directly at the oxygen atoms, as is the case in an octahedral molecule. This type of distortion is often referred to as ''dynamic,'' in contrast to the ''static'' distortion observed in octahedral copper (II) compounds with the d 9 273 (49) Finger et al. (1986) Fitting the pressure-volume data to a Birch-Murnaghan EoS, a bulk modulus pressure derivative K 0 is fixed at 4 Fig. 4 Section of the full molecular orbital diagram of the FeO 4 tetrahedral unit showing the qualitative energy shifts of the Fe d-orbitals of the ideal (T d ) structure, arising from normal modes of E symmetry as a result of a Jahn-Teller instability. In the splitting of the t 2 orbital set, the doubly degenerate e pair is raised or lowered half as much in energy as the singly degenerate b 2 orbital, leading to the first-order energetic equivalence of the two possible distortion modes configuration, for example. This difference is due primarily to the degree of overlap between metal and ligand orbitals, which dictates the ability of the coordination center to sustain the distorted geometry. Similar effects occur in octahedral molecules in which the orbital degeneracy originates in the t 2g orbital set, whose 3d orbitals do not point directly at the ligands. In both cases, distortions are not generally observable on the timescale of the diffraction experiment except at sufficiently low temperature. The former situation is the case for the FeO 4 tetrahedron in chromite. Optical absorption experiments have, however, shown some splitting of the spectral band corresponding to the 5 E ? 5 T 2 absorption (Slack et al. 1966; Taran and Langer 2001) , suggesting that the Jahn-Teller distortion is in fact observable on the timescale of the optical measurement, during which the molecule may be adopting as many as three separate structures (an ideal structure and two possible distorted structures). This result also suggests that in the case of tetrahedral molecules, the preferred distortion mode must be ''frozen out'' at either low temperature or high pressure in order to be observed.
Energetically, the two available distortions of the tetrahedron are equivalent to first order. The preference of the tetrahedron for the flattened geometry over the stretched geometry at ambient pressure is a result of a second-order mixing of the higher-lying Fe 4s (a 1 symmetry) orbital into the Fe 3d-based molecular orbital of the tetrahedron that also has a 1 symmetry. Because the Fe 4s orbital has a 1 symmetry, it can mix on distortion with the dz 2 -based molecular orbital of the tetrahedron. This mixing has the effect of further lowering the energy of the dz 2 orbital, while raising the energy of the Fe 4s orbital and providing additional stability to the flattened tetrahedron over the stretched tetrahedron. In the stretched geometry, the dz 2 (a 1 ) orbital will also be afforded some additional stability from the second-order mixing of the Fe 4s orbital for similar reasons, but this will only serve to offset the destabilization of dz 2 that arises from the stretched distortion. A similar phenomenon has been proposed to account for the observation of the elongated tetragonal distortion of the octahedra in copper (II) compounds (Burdett 1981) .
With increasing pressure, the Fe-O distance in the FeO 4 tetrahedron decreases, leading to a destabilization of all five Fe 3d-O 2p antibonding orbitals. The diffraction data also show, however, that the FeO 4 tetrahedron remains regular up to the pressure of the cubic-tetragonal transition. As long as the tetrahedron remains ideal with compression, the molecular orbital levels will on average retain the simple e -t 2 splitting, even though the molecule may be switching between 2 and 3 different structures. These different geometries will have different sets of molecular orbital energies, as shown in Fig. 4 . Because the orbital overlaps characterizing the different molecular orbitals are also different, the energy levels of the 5d-based molecular orbitals are therefore shifting relative to those of the ideal tetrahedron, which are themselves increasing in energy. Although the regular tetrahedron represents the equilibrium configuration of the nuclei below this pressure, the individual molecular orbitals of the ideal tetrahedron will respond differently to a decreasing Fe-O distance. Figure 5 shows the main Fe 3d-O 2p interactions for each of these five antibonding orbitals in the ideal tetrahedral configuration. Comparing Fig. 5a orbital shown in (a) are more direct than the interactions between the Fe 3dx 2 -y 2 orbital and the O 2p y orbital shown in (b). Even though there will be a linear combination of the O 2p x and O 2p y that will increase the overall interaction between the 2p orbitals on oxygen and Fe 3d x 2 -y 2 , the overlap between the dz 2 orbital and O 2p z orbitals is significantly greater. The result of this difference in overlap character is that the dz 2 orbital will be destabilized to a greater degree than the dx 2 -y 2 orbital with decreasing Fe-O distance, as shown in the bottom portion of Fig. 6 .
Similarly, the overlaps between the dxz and dyz orbitals on Fe (Fig. 5d, e) with the corresponding orbitals on the oxygen atoms are more direct than the overlap between the dxy orbital on Fe with its corresponding O 2p orbitals (Fig. 5c ). With decreasing Fe-O distance at high pressure, the dxz and dyz orbitals will split from the dxy orbital to form a pair of e symmetry, while the dxy orbital becomes singly degenerate with b 2 symmetry. By virtue of its more direct overlap with the 2p orbitals on oxygen, the doubly degenerate pair is destabilized to a greater extent than the b 2 orbital as the Fe-O distance decreases, as shown in the top portion of Fig. 6 . At some critical pressure, the energy of the stretched tetrahedron becomes lower in energy than either the ideal tetrahedron or the flattened tetrahedron. This distortion is observed because the particular response of the molecular orbital energy levels to compression can only result in this distortion mode. At high pressure, the Fe 3d-based molecular orbitals of the tetrahedron therefore energetically favor the arrangement corresponding to the stretched tetrahedral geometry as a necessary consequence of the decreasing Fe-O distance. As in the case of the ''freezing in'' of the flattened geometry at low temperature, a critical pressure is required to observe the stretched distortion on the timescale of diffraction measurements. In the case of high pressure, however, only the ''stretched'' mode is available to the FeO 4 tetrahedron, and the choice of this mode is constrained by symmetry. This experimental result may have been predicted a priori due to the fact that the distortion mode that results from the response of the set of molecular orbitals in the ideal tetrahedron is a consequence of the symmetry properties of the molecular orbitals themselves, and the nature of the overlaps that create them, and is the only geometry that will result from a decreasing Fe-O distance.
The fact that the phase transition and the distortion of the FeO 4 tetrahedron are observed at the same pressure is clear evidence of the role of the Jahn-Teller distortion in promoting the phase transition at high pressure. It should be noted here that it is the fact that the FeO 4 tetrahedra are isolated within the chromite structure allows an analysis of the Jahn-Teller effect using molecular considerations only. This approach may not be appropriate for the tetrahedral Fe 2? ion in crystal structures with more complicated polyhedral arrangements, where additional considerations encompassing the entire crystal structure must be applied. The present result, however, can provide a starting point for such further analyses.
Concluding remarks
We have shown that the crystal structure of chromite is transformed from a cubic to a tetragonal structure between 11.8 and 12.6 GPa. Structural refinements show that the FeO 4 tetrahedra and CrO 6 octahedra are compressed isotropically in the cubic spinel structure. Above the phase transition boundary, however, the two Cr-O bonds parallel to the c-axis shorten from 1.969 (7) to 1.922 (17) Å and the other four Cr-O bonds parallel to ab plane elongate from 1.969 (7) to 1.987 (9) Å . On the other hand, the tetrahedral bond angles along the c-axis begin decreasing from 109.5°t o 106.6 (7)°after the phase transition, which generates a stretched tetrahedral geometry. The angular distortion in the octahedron continuously decreases up to 13.7 GPa, whereas the values in tetrahedron dramatically increase after the phase transition. It is proposed that the JahnTeller effect at the tetrahedrally coordinated Fe 2? cation becomes active with compression and gives rise to the tetrahedral angular distortion observed in the crystal structure, leading to the observed phase transition.
